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In order to observe the temperature dependence of the mechanical properties in a bulk metallic glass
BMG, sound velocity and attenuation in Zr-based BMG for longitudinal and transverse waves
under linear heating and cooling with a peak temperature of 673 K were measured by an ultrasonic
pulse echo technique. The elastic property, Poisson’s ratio, and internal frictions were calculated
from the sound velocities and attenuations. In the temperature range of 547–619 K, steep changes
in the mechanical properties were observed. During the first heating cycle, the material’s density and
Young’s modulus increased; however, during subsequent heat treatments, the density and Young’s
modulus decreased somewhat. This suggests that an initial reduction in free volume during the first
temperature cycle was followed by increases in free volume during subsequent temperature cycling.
The behavior of reduction and increase in the free volume under heat treatment in the vicinity of
calorimetric glass transition temperature was discussed on the basis of the viscoelastic model with
partial nanocluster formation. © 2007 American Institute of Physics. DOI: 10.1063/1.2715467
I. INTRODUCTION
Bulk metallic glasses BMGs contain an excess amount
of free volume frozen in the matrix during solidification. It is
known that the free volume is annihilated during annealing
below the glass transition temperature Tg.
1,2 The excess
free volume approached the equilibrium free volume due to
annealing. In the vicinity of Tg, mobility of constituent atoms
or moleculelike structures is enhanced. Thus, structural
changes occur drastically. Tg
onset is dependent on the heating
or cooling rate.3 It is also well known that the Tg
onset depends
on the free volume concentration in a glassy matrix.4 The
redistribution and annihilation of the excess free volume as
structural relaxation lead to a loss in ductility.5 The kinetics
of free volume annihilation with regard to temperature and
time were explained based on the free volume model.6,7 The
structural relaxation is considered to be a first step of crys-
tallization.
The glassy phase of Zr-based alloy shows a good ther-
mal stability. Shen et al. have reported that result of high-
resolution transmission electron microscopic observation on
a Zr51Al16.3Cu20.7Ni12 BMG. In spite of an annealing treat-
ment at 673 K for 3600 s, the alloy still remains its amor-
phous structure.8 The material used in our experiments was a
BMG composed of Zr55Al10Cu30Ni5.
9
The ultrasonic pulse echo method enables high accuracy
for measurements of mechanical properties.10–12 Poisson’s
ratio and Young’s modulus are calculated based on the lon-
gitudinal and transverse wave velocities; these are important
mechanical properties in the discussion of structural changes
in materials. Dilational and transverse internal frictions cal-
culated from the attenuation of sound waves are also a req-
uisite for the observation of structural changes. In particular,
internal friction gives clear information regarding the occur-
rence of structural changes in terms of atomic or molecular
displacement and the variation in potential energy. Thus, we
measured the temperature dependence of wave velocity and
attenuation in the BMG for longitudinal and transverse
waves. In order to investigate the correlation of the changes
in mechanical properties with the temperature, in situ ultra-
sonic measurements were carried out under continuous linear
heating and cooling with a peak temperature of 673 K in the
vicinity of Tg.
II. EXPERIMENTAL PROCEDURE
A Zr55Al10Cu30Ni5 BMG was prepared by arc melt cast-
ing in a cylindrical columnar shape. Sample characterization
was performed by x-ray diffraction XRD using a Rigaku
RINT-UltimaW diffractometer with a Cu K radiation
source in a 2 range from 30° to 70° in steps of 0.01°. The
amorphous nature of the sample was ascertained by differen-
tial scanning calorimetry DSC using a Perkin-Elmer Q100.
The mass density of the sample was determined by the
Archimedes principle by weighing samples in air and in tet-
rabromoethane C2H2Br4. The sampling number of each
data is 5. To perform ultrasonic measurements, the specimen
is shaped as a cylindrical column with a step for sound re-
flection. This specimen was processed on a precision lathe.
In situ ultrasonic measurements of the sound velocity
and damping behavior for longitudinal and transverse waves
during heat treatment were performed using a Toshiba Tun-
galoy model UMS-M ultrasonic measuring system.13,14 Fig-
ure 1 shows a schematic representation of the experimental
setup. A 10 MHz pulse with weak power is generated by aaElectronic mail: tamura@imr.tohoku.ac.jp
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piezoelectric transducer. The resulting echoes from the step
part first wave reflector and the top end second wave re-
flector are sensed by the same transducer. It can be said that
the actual part of the sample that is measured is the part
above the step. Hence, the connecting condition at the junc-
tion between the sample and waveguide has no influence on
the measurement. The diameter and length of the actual mea-
sured part of the prepared sample are 6.901 and 7.790 mm,
respectively.
Longitudinal or transverse sound velocities are obtained
by recording the travel time between the pairs of echoes. In
this measuring system, the transverse sound velocity and its
damping behavior are determined by means of mode conver-
sion of the longitudinal wave to transverse wave. The rela-
tionship between Poisson’s ratio  and the two different








where Vl is the longitudinal wave velocity and Vt is the trans-








where T is the density as a function of temperature.15
However, we cannot measure the density change during ul-
trasonic measurement heating cycle. Thus, it can be said
that Young’s modulus values obtained during heating cycle
are qualitative values.
Internal friction is calculated from echo amplitudes of
the wave from the second wave reflector and the first wave
reflector. The amplitude AW2 of the echo from the second
wave reflector is expressed as attenuation of the amplitude
AW1 of the echo from the first wave reflector.
AW2 = AW1C exp− 2l , 3
where C is the constant,  is the attenuation coefficient per
length, and is l the length of the actual measured part.
Increment in attenuation at a given temperature T is writ-
ten as





where T0 is the initial temperature.









where T is the wavelength in the range from T0 to T.
16 Thus,
the joining condition gives no influence for the internal fric-
tion measurement.
The sample was maintained under an Ar atmosphere
with an ambient pressure and was heated at a rate of
0.050 K/s from room temperature to 673 K by using feed-
back controlled IR heaters. At the peak temperature of
673 K, the temperature was maintained for 60 s. The sample
was then cooled down at a rate of 0.05 K/s to room tem-
perature. The time between the pulse shots was 20 or 30 s.
After the run, thin oxide layer which formed during the run
is removed by the precision lathe. Before and after the mea-
surement runs, microhardness measurement was also per-
formed at room temperature using a micro-Vickers hardness
tester. The sampling number of each data is 10.
As shown in Fig. 1, the temperature at the measured part
of the sample is monitored by two thermocouples with a
diameter of 0.5 mm that are inserted along the center axis of
the sample. The distance between the thermocouples at the
center axis is 5 mm. A total of five times runs were per-
formed on the sample under this heating and cooling condi-
tion.
III. RESULTS
A. Heat treatment dependence of free volume
Figure 2 presents the DSC trace obtained from as-cast
sample during heating with a heating rate of 0.05 K/s. The
dashed lines are tangent to the curve, the intersection of
which determines the calorimetric Tg
onset and crystallization
temperature Tx. Thus, it can be said that these Tg
onset and Tx
are defined temperatures. The calorimetric Tg
onset and Tx of
FIG. 1. Schematic diagram of the ultrasonic measuring system.
FIG. 2. DSC curve of the sample obtained during heating with a heating rate
of 0.05 K/s. The dashed lines are tangent to the curve, the intersection of
which determines the calorimetric Tg and Tx.
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the sample are 667 and 737 K, respectively. A small exother-
mic peak is seen just before the calorimetric Tg
onset. Free
volume reduction gives rise to heat release when BMG
sample is heated in a DSC.2,17 Hermann et al. have reported
that noncrystalline nanocluster formation as free volume re-
duction also induces heat release.18 Hence, present result in-
dicates that the free volume reduction including the cluster
formation occurs just before the calorimetric Tg
onset.
Figure 3 shows the XRD patterns before and after the
ultrasonic measurements. After the fifth run, as shown in Fig.
3b, the XRD pattern indicates that the glassy phase is still
maintained. In addition, any crystalline phase was not ob-
served on the polished surface in optical microscopic obser-
vation.
The density changes in the sample before and after the
ultrasonic measurement runs are summarized in Fig. 4. The
density of the as-cast sample increases by the first run. How-
ever, after the fifth run, the density decreases somewhat. The
density change correlates to corresponding change of free
volume associated with glassy state. The results indicate that
the reduced free volume was recovered to some extent by the
additional heat treatments.
B. Heat treatment dependence of elastic parameters
Figure 5 shows the temperature dependence of both the
longitudinal and transverse wave velocities in the first run.
During the heating process, the sound velocities decrease
with increasing temperature up to 618 K. At around 619 K,
the sound velocities change abruptly. The longitudinal wave
velocity decreases and the transverse wave velocity in-
creases. Wave velocity V is given as V= M /1/2, where M
is the elastic modulus C11 or C44 and  is the density.
19 For
convenience, we adopt the concept of a pseudofragment of
excess free volume which has a size. Since longitudinal
wave is a dilatational wave, shrinking or expanding frag-
ments in matrix lead to degradation in the longitudinal elastic
modulus C11. Thus, the longitudinal wave velocity decreases.
As mentioned in the Doolittle equation the free volume re-
duction indicates an enhancement in viscosity.20 This also
suggests an enhancement in shear modulus rigidity C44.
Hence, the transverse wave velocity as shear stress transmis-
sion is improved. It can be concluded that a structural change
accompanied by free volume reduction starts at around
619 K during the heating process. In particular, the increase
in the transverse wave velocity suggests that the viscosity of
the BMG matrix increases at that temperature.
Then we investigate the three-dimensional effect on
structural change accompanied by free volume change by
usage of Poisson’s ratio. The temperature dependence of
Poisson’s ratios in the first and second runs is indicated in
Fig. 6. During the first heating, Poisson’s ratio gradually in-
creases with increasing temperature until about 618 K before
abrupt decrease. The lower ratio curve in the cooling process
and subsequent second run suggest an occurrence of major
structural change at around 619 K. This result indicates en-
hancement of rigidity as a result of the free volume reduc-
tion. A small exothermic peak around 619 K as shown in
Fig. 2 is an evidence for the free volume reduction including
nanocluster formation.
FIG. 3. XRD patterns of the sample a before heating and d after the fifth
run.
FIG. 4. Densities of the sample before and after the heating cycles.
FIG. 5. Changes in sound velocities during the first run with a heating and
cooling rate of 0.050 K/s. The upper plot is for longitudinal wave velocity
Vl;, the lower one is for transverse wave velocity Vt.
FIG. 6. Color Poisson’s ratios vs temperature during the measurement
runs.
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Figure 7 compares the temperature dependencies of
Young’s modulus for each measurement run. The relation-
ship between Young’s modulus at 313 K and the run number
is summarized in Fig. 8. The increment in Young’s modulus
after the first run is approximately 2%. The value of Young’s
modulus at the onset of the second run corresponds to its
value at the end of the first run. During the second and third
runs, each Young’s modulus decreased in comparison with
those of the previous runs. On the other hand, no visible
change in Young’s modulus was observed during the fourth
and fifth runs. These Young’s modulus curves for the heating
process correspond to the curves in the cooling process. Be-
fore and after the run, micro-Vickers hardness was measured
using 980 mN loading. Results of the hardness measure-
ments are summarized in Fig. 9. Hardness of the sample is
enhanced by the first run. The hardened sample is somewhat
recovered by the additional runs. These hardness changes
correspond to the changes in elastic property obtained by the
ultrasonic measurement. Compared with the density changes
in Fig. 4, the changes in Figs. 8 and 9 indicate material
rigidity associated with free volume concentration during the
repeated heat treatments.
C. Heat treatment dependence of internal frictions
Internal friction Q−1T curves for the longitudinal and
transverse waves are shown in Fig. 10 as a function of tem-
perature. Dilational and transverse internal frictions change
clearly at around 619 K during the first heating. At the tem-
perature, the dilational internal friction increases rapidly,
while the transverse internal friction decreases. The dila-
tional friction loss caused by structural change is also related
to the shrinking or expanding of the constituent fragments.
At around 607 K, during the first cooling, internal frictions
begin reverting toward their initial values again. This char-
acteristic change was observed in the lower temperature
range of 547–567 K for subsequent two to five runs. Espe-
cially, in the third heating, the jump from 564 K in the trans-
verse internal friction curve corresponds to the drop in
Young’s moduli in Fig. 7c.
In the temperature range between the internal friction
steps during the heating and cooling processes, as shown in
Fig. 10, it can be said that the thermally activating matrix is
in a structural transition region including supercooled liquid
region. The steps in the internal friction curves indicate the
transition temperatures of mobility enhancement on the con-
stituent atoms or moleculelike structures. The transition tem-
FIG. 7. Young’s moduli vs temperature during the heating cycle from the a
first run to e fifth run.
FIG. 8. Compilation of the data indicated in Fig. 7 as relationship between
Young’s modulus at 313 K and the run number.
FIG. 9. Micro-Vickers hardness as a function of run number.
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perature during the second heating is 72 K lower than that
during the first heating. On the other hand, the transition
temperature during the fourth heating is 20 K higher than
that of the second heating. Assumed from the measurements
of the transverse internal friction, the jump at 564 K in the
third heating would be derived from the relief of strain and
lead to expansion of the free volume fragments. The incre-
ments of the dilational internal friction at the step in the
fourth and fifth heatings are much reduced compared to that
of the third heating. The onset temperatures of the structural
transition are summarized in Fig. 11 as a function of the run
number. These data points were taken from the dilational
internal friction curves shown in Fig. 10a. These results
indicate that the as-cast glassy matrix converged with a
metastable state by the repeated heat treatments.
IV. DISCUSSION
The increased density and hardness and enhanced
Young’s modulus were recovered to some extent by the ad-
ditional heat treatments, as shown in Figs. 4, 8, and 9, re-
spectively. There is a possibility that the excess free volume
structure of the as-cast sample is somewhat recovered by the
repeated isochronal heat treatments. In other words the
glassy phase passes through a metastable free volume struc-
ture during progressive devitrification. Indeed, Krištiaková et
al. have reported that results of positron annihilation study
on a Zr-based BMG. Their results indicates that the relax-
ation processes which have started at the temperature below
Tg are largely reversible.
21,22
Some researchers have reported that BMG consists of
strong chemical short-range-ordered structures.23–25 A drastic
change of the topological and chemical orders at the inter-
cluster boundary has been observed by a field emission
microscopy.26 Glassy matrix annealed at below Tg contains
metastable noncrystalline nanoclusters, which are formed as
the first step of crystallization.18 It is known that contained
impurity induces partial nanocluster formation in glassy ma-
trix during a sub-Tg annealing.
27 Judging from the present
results and other references, the free volume reduction just
below calorimetric Tg
onset may lead to the formation of the
partial nanoclusters in the matrix. Because the nanocluster
formation means partial volume reduction, a stress field is
formed around the nanocluster. Hence, it can be thought that
the glassy matrix accumulates local residual stress during the
heat treatment.
Wright et al. have discussed the possibility of void
nucleation from the coalescence of excess free volume gen-
erated in shear bands during deformation. They thought that
excess free energy can be correlated with free volume chemi-
cal potential.28 In glassy matrix, there is a change of the
topological and/or chemical order at the boundary of short-
range-ordered structures noncrystalline clusters. This misfit
means that the interstructure boundary has an interface free
energy. Thus, it is possible that excess free volume originates
in the interstructure or intercluster boundary. Here, free en-
ergy of the free volume fragment is treated as surface free
energy of the volume surface.
In order to give an explanation about the reexpansion, a
schematic kinetic model based on the partial nanocluster for-
mations in BMG was proposed, as shown in Fig. 12. To
simplify the kinetic model, we hypothecated the following.
FIG. 10. Color Dilational and transverse internal frictions vs temperature
during linear heating and cooling at a rate of 0.050 K/s.
FIG. 11. Relationship between the onset transition temperature of structural
change and the run number during the heating process.
FIG. 12. Schematic illustration of the free volume based on a the assump-
tions and b the simplified kinetic model for deformation.
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i The free volume fragment is shaped like a closed
sphere. The fragment shrinks or expands isotropically,
which indicates a spherical symmetry.
ii The free volume fragment surrounded with the short-
range-ordered structures has an interface surface.
iii The elastic and inelastic deformation behaviors of
BMG have been described using a Maxwell solid
model.29 Viscosity is caused by the rearrangement or
diffusion at a part of the glassy matrix.18 The atoms
facing the surface of the free volume fragment are
part of a glassy matrix short-range-ordered struc-
tures that exhibits viscoelasticity.
Therefore, the time evolution of the displacement of the










− kTx − aT,t ,
6
where x represents the distance of the surface from the initial
surface initial diameter: r0 of the fragment, aT , t ex-
presses the irreversible displacement induced by the nano-
cluster formation as functions of temperature T and time t, m
is the mass of a part of the glassy structure facing the sur-
face, A is the area of the part facing the surface,  is the
surface tension induced by surface free energy of the free
volume as a function of T, and c and k are the viscosity and
elastic coefficients of the matrix as a function of T, respec-
tively. The second and third terms in the right-hand side of
Eq. 6 exhibit a viscoelasticity of the matrix based on the
Maxwell model. In the present model, contraction stress
caused by  is constantly subjected on the fragment as a
proportional function of the inverse of diameter. Activation
temperature of structural change in BMG is controlled by
accumulated elastic energy of the matrix and free energy of
the free volume fragment. Thus, a BMG with a smaller mean
size of the free volume fragments also means the model has
larger x-aT , t has a lower apparent activation energy for
structural change. This implies that the onset temperature of
structural change shifts toward a lower value, as shown in
Fig. 11. Hajlaoui et al. have also reported that the onset
temperature of structural relaxation shifts toward a lower
value by a prestrain treatment.30
It can be thought that the stress induced by the structural
relaxation and the partial nanocluster formation under the
transition temperature range in the early first and second
runs is suspended as a local residual stress until reaching the
next transition temperature. The experimental results shown
in Figs. 4, 8, 9, and 11 indicate the viscoelastic behavior of
the glassy matrix.
V. CONCLUSION
The results of the density measurements after each heat-
ing cycle indicate that shrunken volume expands by addi-
tional heat treatment. Furthermore, the mechanical properties
obtained by the ultrasonic echo technique and microhardness
measurements exhibit a recovery behavior. The internal fric-
tion curves indicate the clear transition temperature of struc-
tural changes. These experimental results show a relaxation
process of mechanical properties induced by structural
change.
Judging from the DSC trace and other references, it can
be thought that partial nanoclusters were formed in the ma-
trix just before the calorimetric Tg
onset. The partial nanoclus-
ter formation means a nonuniform volume change with a
negative stress field. During the early first and second runs,
residual stress is locally accumulated around the nanocluster.
In order to release the local residual stress around the nano-
cluster, reexpansion of the free volume occurs during the
additional runs after the second run, i.e., the shrunken free
volume undergoes reexpansion due to the elasticity of the
matrix during the additional heating.
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